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Abstract 
In this paper, we report on the residual stresses in laser surface melted Ti-6AI-4V, determined using X-ray diffraction methods. 
The principal result is that there is an increase in the transverse residual stress with each successive, overlapping laser track. The 
result can be used to explain the observation ofcrack formation in overlapping tracks but not necessarily insingle tracks produced 
under identical processing conditions. 
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1. Introduction 
In general, titanium alloys exhibit a desirable combi- 
nation of high specific strength and good corrosion 
resistance. However, engineering applications of the 
alloys are nonetheless restricted because of poor wear 
resistance. Surface engineering of titanium alloy com- 
ponents provides a means by which the desirable bulk 
properties may be retained in conjunction with en- 
hanced wear resistance [1]. To this end, laser surface 
melting treatments represent a particularly attractive 
solution where relatively deep (>/ 100/lm) protection 
is desirable [2]. The formation of a hard wear resistant 
layer is achieved by surface melting the metal in the 
presence of a reactive gas, usually nitrogen (e.g. [3,4]). 
In a single stage process therefore, a composite surface 
layer consisting of a substantial proportion of TiN 
embedded in a rapidly solidified matrix may be pro- 
duced. 
It is established that laser surface melting treatments 
generally result in predominantly tensile residual 
stresses within the processed layer e.g. [4,5]. In some 
cases, the severity of the stresses may be such that 
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surface layer micro-cracking occurs. Indeed, such crack 
formation has frequently been observed to be specifi- 
cally problematic in the case of laser nitrided titanium 
alloys e.g. [4,6]. Previously, it has been shown that the 
tendency for cracking in single laser tracks may be 
reduced by the dilution of the alloy gas with an inert 
carrier gas or by a combination of alloy-gas dilution 
and substrate pre-heating [4]. However, applications 
where controlled pre-heating may be employed are 
limited. It is therefore important to understand the 
detail of residual stress development associated with 
laser surface melting without pre-heating. 
The production of a laser alloyed surface relies on 
the successive overlapping of adjacent laser tracks e.g. 
[6]. Single track studies have most recently been used to 
define process parameter regimes where micro-cracking 
does not occur [7]. However, in spite of the possibility 
of producing crack-free single tracks, critical additional 
information is required if the technique is to find viable 
application in the treatment of engineering components. 
First, it is imperative that the laser beam intensity 
profile is well characterised in order that the processing 
conditions may be readily repeated. Second, the effect 
of overlapping adjacent racks on the residual stress 
distribution should be accurately understood. It is for 
these reasons that we have initiated the present work. 
Therefore we report here on the quantification of resid- 
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Table I 
Chemical composition limits for the commercial alloy Ti-6AI-4V 
Designation Alloy AI V N C H Fe O 
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Fig. 1. The distribution of residual stress within a single laser melt track on Ti-6AI-4V substrate. The melt track cross-section is illustrated 
schematically within the figure. 
ual stress within a single laser melt track on a Ti-6AI- 
4V substrate and subsequently examine the effect of 
multiple overlapping adjacent tracks. 
2. Experimental technique 
2. I. Material 
The dual phase (~t-fl) titanium alloy Ti-6AI-4V con- 
forming to composition specifications detailed in Table 
l was used in the hot-rolled and annealed condition. 
Specimens were gritblasted, in order to improve the 
absorption of laser radiation and then ultrasonically 
cleaned in ethanol prior to laser treatment. 
2.2. Laser treatment 
Laser surface melting utilised a continuous wave, fast 
axial flow lkW CO2 (Ferranti MFK) laser. The TEMoo 
(Gaussian) mode beam was characterised using a hol- 
low-needle beam analyser [8] and the power measured 
at the workpiece to within 5% using a calibrated 
calorimeter. All laser melt tracks were produced with a 
defocused beam of pre-determined radius (rl.,, e= 300 
am) at a measured power of 950 W. To prevent atmo- 
spheric contamination of the melt pool, argon gas 
shrouding was supplied coaxial to the beam at a flow 
rate of 20 1 min- 1 through a 2 mm diameter nozzle. 
Nitrogen alloying of the melt pool was achieved by the 
controlled introduction of N2 gas, measured by volume 
into the shroud gas. 
The top width of the melt-pool was determined by 
transverse sectioning, polishing and etching the laser 
track using conventional metallographic techniques. 
Overlapping melt tracks were then produced by travers- 
ing the specimen by 0.75 mm between successive laser 
passes. This corresponds to an overlap of approxi- 
mately 50% of the melt top width. The sample was 
allowed to cool below 50 °C between each successive 
pass in order to eliminate preheating effects. 
Dye penetrant examination of samples was under- 
taken after laser melting in order to identify the process 
parameters associated with surface layer crack forma- 
tion. 
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Fig. 2. The distribution of residual stress within six overlapping, adjacent laser melt tracks on Ti-6AI-4V substrate. The melt track cross-sections 
and their relative positions are illustrated schematically within the figure. 
2.3. X-ray diffraction 
X-ray data was gathered using a well aligned Philips 
X-ray diffraction system (PW 1830). The diffractometer 
was fitted with a fine-focus chromium tube operating at 
40 kV and 35 mA. Initially, measurements were under- 
taken using a divergence slit of 1/30 ° but this was 
changed to 1/12 ° for the majority of measurements in 
order to increase counting statistics and thereby min- 
imise error. A disadvantage of using a larger divergence 
slit is the associated ecrease in the spatial resolution of 
the measurements. A divergence slit of 1/30 ° results in 
a beam width of 0.1 mrn whereas 1/12 ° results in a 
beam width of 0.25 mm. 
X-ray residual stress calculations were undertaken 
(using the sin 2 q~ method [9]) at successive traversals of 
0.2 mm perpendicular to the direction of the laser 
track. The use of a micrometer controlled traverse stage 
allowed for determination and resolution of the (trans- 
verse) residual stress distribution within the laser tracks. 
The technique is not described here in detail as the 
theoretical background and basic principles have been 
recently summarised [5]. 
3. Results and discussion 
The residual stress state in the surface of the grit- 
blasted material prior to laser treatment was measured 
to be compressive (562 MPa). The severity of the 
grit-blasting is such that it results in substantial plastic 
deformation of the surface layers. The result suggests 
therefore that this is the maximum value of elastic 
stress that the material can withstand without some 
plastic accommodation of the stress. In this context, it 
is important to note a previous experimental result 
indicating that the residual stress state prior to laser 
melting has minimal influence on the final residual 
stress state within the laser track [5]. 
The distribution of residual stresses within and imme- 
diately outside a single melt track is shown in Fig. 1. 
The figure indicates that within the shallow surface 
layer of material penetrated by the X-rays there is a 
strong variation in the level of residual stress inside the 
melt track. The distribution of residual stresses i  tensile 
within the centre of the track and compressive towards 
the edges. Moreover, immediately outside the melt-pool 
the stress in the heat affected zone is tensile. It can be 
expected that this will revert to compressive stress as 
the distance from the melt track increases. However, 
due to the time consuming nature of the technique, this 
detail was not measured. 
The effect of overlapping adjacent melt tracks on the 
residual stress distribution is shown by the data plotted 
in Fig. 2. The data indicates a distribution of stress 
within the first melt track (left) which is approximately 
similar to that plotted in Fig. 1. However, it is immedi- 
ately apparent from the figure that there is a progres- 
sive increase in the level of tensile residual stress as 
successive adjacent melt tracks are deposited. It is 
interesting to note that the maximum value of tensile 
stress (~ 560 MPa) corresponds approximately with 
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(a) 
lapping track samples using process parameters which 
had previously resulted in transverse cracks in the single 
track samples. More importantly, we have observed 
that even when no transverse cracking occurs in single 
track samples, multiple track samples may develop 
cracking. It is this observation which the X-ray residual 
stress measurement data presented in this work are able 
to explain. Typical examples of such longitudinal crack 
formation are illustrated in Fig. 3. 
~,~-  . . . . .  
(b) 
Fig. 3. Scanning electron micrograph of the surface (a) and optical 
micrograph of the transverse cross-section (b) of laser nitrided Ti- 
6AI-4V substrate. The micrographs illustrate typical ongitudinal 
crack formation associated with overlapping adjacent melt racks. 
the compressive stress level measured in the gritblasted 
surface prior to laser melting. 
Dye penetrant examination of individual laser melt 
tracks within the course of the present work has illus- 
trated and confirmed a number of important points. 
Under a particularly broad range of processing parame- 
ters (traverse velocity, power, power distribution) 
cracking was never detected when Ti-6AI-4V was laser 
melted in an inert environment. However, the introduc- 
tion of nitrogen into the melt pool may or may not 
produce detectable cracking depending critically on the 
process parameters (including alloy gas dilution). When 
cracking does occur however, it is in the form of 
transverse cracks i.e. perpendicular to the direction of 
laser traverse. These results broadly confirm what has 
previously been reported in the literature .g. [7,10]. 
In the case of overlapping adjacent melt-tracks, 
which are essential to the engineering application of the 
laser nitriding technique, longitudinal cracks i.e. paral- 
lel to the direction of laser traverse are detected under 
specific processing conditions [6]. Perhaps unsurprising 
is that the longitudinal cracks occur in multiple over- 
4. Summary and conclusions 
X-ray residual stress measurements have been under- 
taken on laser surface melted samples of Ti-6AI-4V 
substrate. The data indicates a variation in the value of 
residual stress within a single melt track. Multiple 
overlapping adjacent melt tracks result in an increase in 
the measured value of the transverse residual stress, 
until the value saturates at approximately four times 
the tensile stress measured in a single track. This data 
can be used to rationalise the observation that cracking 
may occur in multi-track specimens, even when no 
cracks are detected in single-track samples produced 
under identical conditions. Moreover, the result empha- 
sises the importance of extending experimental matrices 
beyond single-track experiments if the process data are 
to be applicable to the proposed engineering applica- 
tions. 
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